Introduction
Polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs) are highly toxic persistent environmental contaminants, which influence the health and reproductive success of many species, including freshwater fish and eel (Palstra et al., 2006) . PCDDs, PCDFs, and dioxin-like PCBs (DL-PCBs) have comparable chemical structures and toxicological characteristics. PCB mixtures have been used for a variety of applications largely based on their chemical stability and physical properties (Bhavsar et al., 2007) . De Boer et al. ( , 2010 demonstrated that elimination half-lives of PCBs are in the order of years. They found half-lives of some organochlorine pesticides and tri-pentachlorobiphenyls to be ca. 300-1500 days, whereas for hexa-octachlorinated biphenyls no apparent elimination was found. Their stability is also responsible for their continued presence in the environment, even decades after extensive regulatory actions and an effective ban from the EU in 1985. Although, long time series of PCB monitoring in eel illustrate a decreasing trend, these series clearly show that PCBs are still ubiquitous in our aquatic ecosystems Maes et al., 2008) . The situation is similar for dioxins, furans and DL-PCBs. The half-lives of 2,3,7,8-substituted tetrachlorinated dibenzo-p-dioxin (2, 3, 7, in rodents, for example, is usually 2-4 weeks but in humans it has been estimated to be 7-11 years, although, with wide individual variation. The half-lives of other PCDD/Fs may vary between six months and 20 years (Srogi, 2008) . DL-PCBs are a group of 12 PCBs that share a common toxic mechanism, with the most toxic dioxin compound 2,3,7,8-TetraCDD and, generally are among the most toxic PCB congeners as they incur toxic effects at relatively lower concentrations than those of non-DL-PCBs (NDL-PCBs) (Giesy and Kannan, 1998; McFarland and Clarke, 1989) . Environmental hazards associated with the DL-PCBs are generally assessed separately from the NDL-PCBs.
Recent studies pointed out that PCBs and other dioxin-like chemicals play an important role in the actual decline of the European eel (Belpaire et al., 2009 (Belpaire et al., , 2011 Geeraerts and Belpaire, 2010; Palstra et al., 2006; Van Ginneken et al., 2009) , although causative relationships between PCB exposure and effects on population level are difficult to demonstrate, considering the complex life cycle of this panmictic catadromous species. Palstra et al. (2006) artificially stimulated female and male silver eel to maturation and reproduction and studied the effects of dioxin-like compounds in muscle and gonad tissues on embryonic development. They reported large differences in embryonic development of eel eggs. The observed correlation between embryo survival time and 2,3,7,8-TetraCDD toxic equivalent (TEQ) levels (EC, 2006) in the gonads implied TEQ-induced teratogenic effects. The disrupting effects occurred at levels below 4 ng TEQ kg − 1 gonad, which is below the EU eel consumption standard. Eel is particularly prone to bioaccumulating hazardous substances (such as polychlorinated biphenyls (PCBs; Belpaire et al., 2011; Maes Science of the Total Environment 409 (2011) 4039-4047 et al., 2008) , organochlorine pesticides (OCPs; Maes et al., 2008) , heavy metals (Maes et al., 2008) and selected brominated flame retardants (BFRs; Roosens et al., 2010) ). The European eel is well suited for use in chemical monitoring as widespread, semelparous, benthic, carnivorous and lipid rich species, highly sedentary in its yellow eel phase (Belpaire and Goemans, 2007; . Moreover, the eel is a popular human food in many European countries, and therefore represents a potential health hazard to consumers.
In order to gain insight in the current status of pollution by dioxins and related compounds in Flanders -the northern part of Belgium -a baseline spatial analysis was conducted in yellow eel from different Flemish locations. Spatial variation in the level of dioxin pollution might indicate areas of concern for these substances. We anticipate that the levels in eel might be of toxicological relevance, potentially causing effects on the eel and putting additional pressure on the state of the already imperilled eel stock. Results also may indicate if the current dioxin concentrations in Belgian wild eel exceed the international food safety standards.
Materials and methods
Between 2000 and 2007, yellow eel were caught at 38 locations spread over Flanders (Table 1 and Fig. 1 ). Sampling sites included canals (n = 16), polder water courses (n = 3), rivers (n = 13) and closed water bodies (n = 6). To avoid effects of possible variation in body burden of individual eel from a particular site due to variation in size, sex or age, we aimed to analyse pooled samples from 10 individuals per site. But, this objective could not be met at all sites due to low abundances. On each locality 4-10 yellow eel were captured and live transported to the laboratory. Again low abundances did not allow sampling for a standardised eel length, so eel were of variable length (range 33.9-64.1 cm) and weight range (59.7-566.4 g). At the lab, fish were measured, weighed, skinned and samples of muscle tissue (10 g fresh weight each) were removed, labelled and stored at −20°C. From each sampling location, tissues from individual eel were pooled prior to homogenisation and analysis (5.0 g).
All samples were processed in our ISO17025 BELAC accredited laboratory successfully participating in relevant inter-calibration Table 1 Overview of the pool samples with the description of the sampling sites and year, number of eel in the sample (N) and mean parameters of eel (mean length (LM), mean weight (WM) and the muscle lipid content of the pooled sample (Fat%)). For each sample the absolute dioxin concentrations (ΣPCDD/Fs), the sum of dioxin-like PCB concentration (ΣDL-PCBs), the sum of both (ΣPCDD/F + DL-PCBs) expressed as pg g − 1 fresh weight, and the body burden (ng g − 1 fresh weight) are given. Minimum, maximum, mean, standard deviation (SD) and median are also given. NA = not available. exercises on a regular basis. All samples were homogenised using dissecting and mortar equipment and frozen in liquid nitrogen before freeze-drying prior extraction. Freeze-dried homogenised samples were mixed with sodium sulphate and extracted twice with 20 ml of hexane at a pressure of 1500 psi. Extractions were carried out using pressurised liquid extraction (PLE) with either a PLE-6 system (Fluid Management Systems Inc, Boston, MA, USA) or an ASE 300 extractor (Dionex, Sunnyvale, CA, USA). The fat extracts were dried on sodium sulphate. The fat was redissolved in 50 ml of hexane before further clean-up. All samples were spiked with internal isotope dilution standards prior to extraction. All details regarding the use of standard solutions are available in a previous report (Focant et al., 2005) . The first step of sample clean-up was a multilayer silica gel column in a disposable glass column plugged with glass wool. From bottom to top, it contained 5 g of sodium sulphate, 5 g of silica gel, 20 g of 44% sulphuric acid silica gel, and 20 g of 22% sulphuric acid silica gel. It was washed with 150 ml of hexane before use. The fat sample was applied on the column and eluted by 150 ml of hexane. The volume of the eluate was reduced to 20 ml before the next step. Further sample clean-up was achieved using an automated system (Power-Prep™, Fluid Management Systems Inc.) (Focant et al., 2001 (Focant et al., , 2004 . In order to ensure high quality standard performance of the methods, matrix specific QC samples were monitored. The PCDD/F TEQs and DL-PCB TEQs of those QC samples were calculated and plotted against reference values obtained from validation replicates. Both instrumental and procedural blanks (BCs) were also monitored. Sensitivity check of the instrument was carried out on a daily basis.
Measurements of mono-ortho (MO)-PCBs and NDL-PCBs were carried out on a MAT95, a XL high resolution sector instrument (HRMS) (ThermoFinniganMAT, Bremen, Germany), connected to an Agilent 6890 Series (Palo Alto, CA, USA) gas chromatograph equipped with a A200S autosampler (Thermo). The column was an HT-8 (25 m×0.22 mm ID×0.25 μm df) (SGE, Villebon, France). The HRMS instrument was operated in selected ion monitoring (SIM) mode. A complete calibration was carried out every month (200 unknown samples) and instrumental blanks were measured for every series of samples. Additional GC and HRMS parameters were described previously (Focant et al., 2006) . Measurements of PCDDs, PCDFs, and non-ortho (NO)-PCBs were carried out on an Autospec Ultima HRMS (Micromass, Manchester, United Kingdom) connected to an Agilent 6890 Series (Palo Alto, CA, USA) gas chromatograph equipped with a A200SE autosampler. The column was a VF-5MS (50 m×0.2 mm ID×0.33 μm df) (Varian Inc., Sint-KatelijneWaver, Belgium). The HRMS instrument was operated in selected ion monitoring (SIM) mode. A complete calibration was carried out twice a month (100 unknown samples) and instrumental blanks were measured for every series of samples. Additional GC and HRMS parameters were described previously (Focant et al., 2006) .
In muscle tissue of all pool samples 17 PCDD/Fs and 12 DL-PCBs were analysed: 1,2,3,4,6,7,8-Hepta-chlorodibenzodioxin (CDD), 1, 2, 3, 4, 6, 7, 1, 2, 3, 4, 7, 8, 1, 2, 3, 4, 7, 1, 2, 3, 4, 7, 1, 2, 3, 6, 7, 1, 2, 3, 6, 7, 1, 2, 3, 7, 8, 1, 2, 3, 7, 8, 1, 2, 3, 7, 1, 2, 3, 7, 2, 3, 4, 6, 7, 2, 3, 4, 7, 2, 3, 7, 2, 3, 7, octochlorodubenzodioxins (OCDD) and Table 1 gives an overview of the sites, the biometric characteristics and the absolute concentrations of the sum of 17 dioxins and furans (ΣPCDD/Fs), the sum of 12 DL-PCBs (ΣDL-PCBs) and the total sum of dioxins, furans and DL-PCBs (ΣPCDD/Fs + ΣDL-PCBs) of the pooled samples of eel for each site. Levels of individual compounds per site are presented in Supporting Information Tables SI-1, SI-2 and SI-3. This study is basically designed as a spatial analysis of contaminant levels in Flanders at a certain time, although one has to consider that the sampling period spans a rather extended period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . During these eight years, changes in pollution pressure might have occurred. Another weakness is the quite large variation in mean length of the eel (33.9-64.1 cm) which might -to some extent have biased the results, as longer eel are older and contaminant and lipid levels are expected to increase with age. Mean lipid levels from our samples varied between 0.7 and 27.4% (mean 9.1%), indicating a large variation in fat content between (Belgian) sites which also was reported by Belpaire et al. (2009) ; and may be linked to variations in environmental conditions (temperature and salinity, Andersson et al., 1991) , fish assemblages, eel density (Svedäng and Wickström, 1997) , water typology (Piatek, 1970) , or trophic status (Svedäng et al., 1996) or pollution . In one much polluted site (Handzamevaart, HV) the pooled eel muscle sample had an extreme low lipid level (0.7%), suggesting an impact of PCDD/Fs on the fat levels. Overall, with more than half of the (pooled) samples having muscle lipid levels b10% energetic condition of the eel is regarded as very low. Only one sample had a lipid level above 20%. Reported lipid levels concern yellow eel but, assuming that they are indicative of those in silver eel, migration and successful reproduction is jeopardised as 20% fat is the minimum limit required (Belpaire et al., 2009 (Fig. 2) . Compared to the countries mentioned above, Belgian eel are most polluted with DL-PCBs. On average, the TEQ values for the four NO-PCBs are about 47% of the total TEQ (ΣPCDD/Fs + ΣDL-PCBs), so are the eight MO-PCB TEQ values with 47%. The PCDD/Fs-TEQ only contributes 6% to the total TEQ. DL-PCBs accounted for the highest percentage (mean 91%, range 72.5-97.7%) to the total-TEQ value, regardless of the sampling site. In the Congovaart, the contribution of DL-PCBs to the total-TEQ is as high as 97% while the lowest contribution is found in the Handzamevaart with 72.5%. This is in agreement with results from German eel (Stachel et al., 2007) and, with data from the UK, which showed that for all type of fish -wild, farmed or processed -the major contribution to the total-TEQ can be attributed to PCBs (Fernandes et al., 2009) . But, the percentage is high, compared to results from a Swedish study by Ankarberg et al. (2004) who found PCB levels ranging from 31 to 86% of the total-TEQ value in eel, salmon (Salmo salar), brown trout (Salmo trutta), whitefish (Coregonus lavaretus), herring (Clupea harengus), sprat (Sprattus sprattus), cod (Gadus morhua callarias) and vendace (roe) (from Coregonus albula) from several locations in the Baltic Sea. DL-PCBs also were the most important contributors to total-TEQ (60% and 84%, respectively) in edible fish species in Catalonia (Spain; Bocio et al., 2007 (Karl et al., 2010) . Due to its high toxicity, the DL-PCB congener 126 contributes most to the TEQ-ΣDL-PCBs (mean 52%) in all samples, with also notable contributions of PCB 156 (mean 18%) and PCB 118 (mean 16%). The correlation between congener PCB 126 and the ΣDL-PCBs is strong (Spearman, r = 0.97, p = 0) and consistent over the sites. Results from fatty fish in Sweden, also showed a dominant contribution of PCB 126 to the TEQ-ΣDL-PCBs with 71% on average (range 53-81%, Ankarberg et al., 2004) . A French study in several wild and cultured marine and freshwater species linked up with this (Cariou et al., 2010) . In eel from the Camargue (France), on the other hand, the congeners PCB 126 and PCB 169 were not detected, as reported by Oliveiro Ribeiro et al. (2007) . Further, Szlinder-Richert et al. (2010) reported the contribution of NO-PCBs in total toxicity (TEQ values) as the highest. PCB 126 also predominated and its share to the sum of the NO-PCB TEQ oncentration was 70-80%. Results from 14 fish and seafood species widely consumed by the population of Catalonia, showed PCBs 138 and 153 being the dominant congeners . Overall, DL-PCB TEQ concentrations were under the EU maximum permissible level .
Results and discussion

Levels
In this study the levels of ΣPCDD/Fs + ΣDL-PCBs varied between 1.1 and 141.9 pg WHO 1998 TEQ g − 1 (mean 17.4). The highest concentration was found in eel from the Congovaart (Table 1 , Fig. 1 ). Generally, in 42% of the sites the maximum consumption limit (12 pg WHO 1998 TEQ g − 1 fresh weight for ΣPCDD/Fs + ΣDL-PCBs) is exceeded. Total-TEQ concentrations are even higher compared to levels in eel from the coastline of the Western Baltic Sea, which varied between 1.4 and 16.8 pg WHO 1998 TEQ g − 1 fresh weight (Karl et al., 2010) . In general, total-TEQ levels in eel from marine environments are low compared to concentrations found in eel from European rivers in the catchment area of industrial zones. But, for the Baltic Sea it is well known that fish and other seafood show habitually higher concentrations of environmental pollutants than species collected in other less contaminated places . Fernandes et al. (2009) reported that none of the concentrations observed in any of the samples from fish and shellfish available on the UK market, was above the maximum consumption limit for ΣPCDD/Fs and for ΣPCDD/ Fs + ΣDL-PCBs. In absolute concentrations, PCB 118 is the most dominant MO-PCB (levels ranging between 1.311 and 196,136 pg g − 1 fresh weight)
followed by PCB 105 (569-31,538 pg g − 1 fresh weight), while concentrations of PCB 126 ranged from 6 to 602 pg g − 1 fresh weight.
McHugh et al. (2010) reported concentrations in Irish eel, with PCB
118 levels ranging between 230 and 2.783 pg g − 1 fresh weight and PCB 126 ranging from not detected to 6.3 pg g − 1 fresh weight which are dozens lower than the Flemish concentrations. Results from a study by Bhavsar et al. (2007) about the distribution of the DL-PCB congeners (absolute concentrations) in different fish species from 1700 locations in Ontario's inland lakes/rivers and the Great Lakes (Canada) are similar as our results. They reported the two MO-PCBs 118 and 105 as the most abundant DL-PCB congeners while the most toxic DL-PCB congeners, PCBs 126 and 169 contributed on average only 0.027% and 0.004% of total-PCBs, respectively (Bhavsar et al., 2007) . Bhavsar et al. (2007) also reported that all NO-PCBs (i.e. PCB 77, PCB 81, PCB 126, and PCB 169) are the lowest DL-PCB contributors to total-PCBs levels in fish. Also following Bhavsar et al. (2007) , the abundance of DL-PCBs in fish is generally in the order of In our study the 1,2,3,7,8-PentaCDD and the 2,3,4,7,8-PentaCDF congeners accounted for 35% and 38% respectively of the total PCDD/ Fs congeners (expressed as pg WHO 1998 TEQ g − 1 (lower bound) on fresh weight basis; Fig. 3A ). The contribution of 2,3,7,8-TetraCDD, which is known as the most toxic dioxin, to the ΣPCDD/Fs is on average 14% (range 6-53%). For dioxins and furans, the congeners 2,3,4,7,8-PentaCDF, 2,3,7,8-TetraCDD and 1,2,3,7,8-PentaCDD predominate. In a study carried out in Canada in 2002 in eight aquatic wild and cultured species (Arctic char (Salvelinus alpinus), crab, mussels, oysters, salmon, shrimp, tilapia (Oreochromis mossambicus), trout), Rawn et al. (2006) found that 1,2,3,7,8-PentaCDD and TetraCDF were the major contributors to ΣPCDD/Fs concentrations. Also in herring from the Baltic Sea (Karl and Ruoff, 2007) and in Polish eel (Szlinder-Richert et al., 2010) , total toxicity is mainly determined by the 2,3,4,7,8-PentaCDF congener. Results from the Elbe in Germany, reported by Stachel et al. (2006) revealed a predominance of the congeners 2, 3, 4, 7, 1, 2, 3, 4, 7, 2, 3, 6, 7, In our study, OCDD was only detected in 5 of the 38 sites, similar as in Ireland (McHugh et al., 2010) . OCDD belongs to the group of super-hydrophobic or super-lipophilic compounds and has a high bioaccumulation factor (Geyer et al., 2000) . This substance often is the most prevalent polychlorinated PCDD found in pentachlorophenol (PCP), a persistent halogenated compound, which has primarily been utilised in the timber industry (McHugh et al., 2010) . The occurrence of OCDD may indicate local use but the authors are not aware of the application of PCP or any other dioxin containing substance nor in Ireland -as reported by McHugh et al. (2010) -nor in Flanders.
Spatial variation
A maximum concentration of ΣDL-PCBs is reached in Mid-Flanders in the basin of the river Nete where an absolute concentration of 409,152 pg g − 1 fresh weight was measured in the Congovaart (COM) ( Table 1 ). The broad range in ΣDL-PCBs and ΣPCDD/Fs concentrations monitored in the current study is likely due to the large variety in environmental pressure at sampling locations, from large rivers or canals in highly industrialised areas to small rural creeks. This is in agreement with Fernandes et al. (2009) Table 1. concentrations are dependent, not only on the species but also on the geographical location. DL-PCBs profiles (pg g − 1 fresh weight) are dominated by PCB 118
and PCB 105 concentrations. The Handzamevaart (HV) has a high PCB 77 concentration compared to the other sites (Fig. 3B ). Old Meuse (OMS) samples are not analysed for MO-PCBs, and therefore are not included in the DL-PCB analyses.
PCDD/Fs profiles show some peculiar patterns. 1,2,3,7,8,9-HexaCDF was detected nowhere while 1,2,3,7,8-PentaCDF and 1,2,3,4,7,8,9-HeptaCDF are rare. Most profiles show high contributions from OCDD, 2, 3, 4, 7, 1, 2, 3, 4, 6, 7, 2, 3, 6, 7, cept for the Handzamevaart). OCDF is quite common (mean 2.9 pg g − 1 fresh weight) in most profiles, except for the Canal NieuwpoortDuinkerke (KND), Iepercanal (IK), Leie (LE) and Albertcanal (AK) where 3, 7, 2, 3, 7, 2, 3, 4, 7, 2, 3, 6, 7, 2, 3, 7, 8, 2, 3, 4, 6, 7, 3, 7, 2, 3, 7, 3, 4, 7, 2, 3, 4, 7, 2, 3, 6, 7, 2, 3, 7, 8, 3, 4, 6, 7, 2, 3, 4, 6, 7, 2, 3, 4, 7, 8, KNN  YZ  IK  HV  LE  BBV  BK  DAV  DGH  LEO  KGO  BGG  DE1  DE2  DE3  ODU  KZ  WBV1  WBV2  KDS1  KDS2  DIJ  KN  RM  KBH1  DEM  COM  GN  KB1  KB2  DO  AK  KBH2  IB Fig. 3 . a: Distributions of the PCDD/F congeners (pg g − 1 fresh weight) in the eel muscle (pooled samples) in Flanders. For site abbreviations see Table 1 . b: Distributions of the DL-PCB congeners (pg g − 1 fresh weight) in the eel muscle (pooled samples) in Flanders. For site abbreviations see Table 1 . The Old Meuse (OMS) sample has been excluded from the figure because of non available MO-PCB data.
this compound is not detected. Also in the Canal Nieuwpoort-Duinkerke (KND), 1,2,3,7,8-PentaCDD is not detected. In the PCDD/Fs profiles from the Canal Ghent-Ostend (KGO), Canal of Beverlo (KB1) and from the Abeek (AB) 1,2,3,4,6,7,8-HeptaCDF is not detected (Fig. 3A , Table SI-3) . The Handzamevaart stands out with high levels of ΣPCDD/Fs (110.5 pg g − 1 fresh weight) which is surprising as it is situated in an agrarian area, known for its strong pesticide pollution. A possible source is unclear. The Handzamevaart, compared to the other sites, also shows a different PCDD/Fs profile (Fig. 3A) . 2,3,4,7,8-PentaCDF and 1,2,3,6,7,8-HexaCDD are not detected while 1,2,3,4,6,7,8-HeptaCDF is detected in a relatively high concentration (13.6 pg g − 1 fresh weight) compared to the other sites (mean 0.5 pg g − 1 fresh weight). Sediment analysis in the Handzamevaart confirmed the high levels of PCDD/Fs, suggesting a local pollution source (Sanctorum et al., 2007) . High concentrations of NO-PCBs in the Old Meuse (OMS) can be dedicated to the presence of the river Meuse, well-known for its high PCB load (Belpaire et al., 2011; Maes et al., 2008) , although its specific DL-PCB profile may suggest a specific local source. The profiles of the Congovaart (COM) and Canal Bocholt-Herentals (KBH1) are similar but distinct from the common profiles, suggesting a common pollution source: both sites have the highest values of 2,3,4,7,8-PentaCDF. Both canals are part of the canal system in the north of Flanders, fed by the river Meuse. They run through an important industrial area including energy production and power transformation industries, which are possible historical sources of PCB contamination. Similar reasons lay at the basis of high levels in the Albertcanal (AK), Canal Dessel-Schoten (KDS) and Old Meuse (OMS). Dioxin profiles seem to differ from catchment to catchment and probably will depend of local pollution sources. Many questions arise of what the causes of these specific contamination profiles are. Apparently, local specific sources with typical profiles are responsible for this variation in pollution profiles in the eel. Further research is required to identify these local sources. McHugh et al. (2010) suggested point source influences of PCDDs at the Burrishoole catchment (Ireland) because eel showed more elevated PCDD levels than at four other catchments (Waterford, Mayo, Galway and Monaghan) where similar PCDD/Fs TEQ ratios were calculated. In a Japanese study on crucian carp (Carassius auratus (gibelio) langsdorfii) notable differences in the congener distribution ratios between different sampling areas were seen which could be dedicated to different sources of dioxin contamination (Kajiwara et al., 2007) .
Effects on the eel
Dioxins, furans and PCBs are reported as toxic and bioaccumulative, and thus pose risks to both eel and human health Giesy and Kannan, 1998; Van den Berg et al., 2006). 2,3,7,8- TetraCDD is one of the most toxic and extensively investigated chemical of this type and it is used as a reference for all other related chemicals (Stachel et al., 2007) . The other PCDD/F congeners have similar effects, but they are less toxic than 2,3,7,8-TetraCDD. NDL-PCBs do not exert their toxicological effects via binding to the Ah receptor -as PCDD/Fs do -but nonetheless are associated with a wide spectrum of toxic responses (Giesy and Kannan, 1998) . Generally, dioxin-type chemicals produce a wide variety of species specific effects including immunotoxicity, hepatotoxicity, birth defects, endocrine disruption, and the induction of numerous enzymes, most notably that of microsomal cytochrome P4501A1 (CYP1A1) and its associated mono-oxygenase activity, aryl hydrocarbon hydroxylase (Srogi, 2008) . In humans and other vertebrates dioxins have been shown to be the risk factors for cancer, immune deficiency, central and peripheral nervous system pathology, endocrine disruption -and many other diseases, as listed by Srogi (2008) .
Toxic effects are dependent of the animal species or strain, their age, and sex. In 1991, Spitsbergen et al. (1991) mentioned a disturbed reproduction in lake trout (Salvelinus namaycush) due to the presence of PCBs and dioxins. An investigation into the impact of genotoxins released into the aquatic environment on the level of DNA strand breakage in erythrocytes of the European eel, revealed an induction of DNA strand breakage after exposure to 2,3,7,8-TetraCDD. However, apoptotic effects of 2,3,7,8-TetraCDD were difficult to interpret, with only the highest (50 mg kg − 1 ) and lowest (0.1 mg kg
) doses being effective (Nigro et al., 2002) .
3.3.1. Transfer of contaminants to eel eggs Palstra et al. (2006) suggested that dioxin-like contaminants (including some PCBs) are capable of "devastating effects" on the development and survival of eel embryos. They observed a correlation between embryo survival time and TEQ levels in the gonadsimplying TEQ-induced teratogenic effects. Palstra et al. (2006) reported these disrupting effects occurring at levels below 4 pg WHO 1998 TEQ kg − 1 gonad. Together with the fat metabolisation during the migration, persistent organic pollutants such as DL-PCBs are metabolised too. While the lipid reserves are depleted during migration, contaminants are released into the blood and may damage reproductive organs and affect embryogenesis . This suggests that such contaminants may have contributed directly to the observed decline in populations (Van Ginneken et al., 2009 (Walker et al., 1994) . In a Japanese study it was determined that about 20% of the dioxins in adult female crucian carp were transferred to the eggs (Kajiwara et al., 2007) . Applying this conversion rate to eel, by calculating the mass of eggs which could be produced by using all available lipids through a conversion factor of 1.7 g eggs g − 1 -suggests that in 79% of the sites, levels are high enough to induce disrupting effects in eel eggs. As arguably, the semelparous eel will use a larger proportion of her body lipids to form eggs, compared to an iteroparous species such as the crucian carp, these data may be an underestimation. However, considering the uncertainties associated with comparing with the aforementioned studies, sound conclusions on the impact of field levels of dioxin related compounds on the stock are, at the time being, difficult to draw, underlining the need for the set up of well designed dose-effect experimental studies.
Human exposure through eel consumption
Due to their high toxicity, dioxins are also considered hazardous chemicals for human health. Recreational fishermen consuming fish from highly contaminated areas can be exposed to very high levels of dioxins and related compounds (Belpaire et al., 2011) . Harmonised EU maximum levels of 4 pg WHO 1998 TEQ g − 1 fresh weight for the sum of ΣPCDD/Fs and 12 pg WHO 1998 TEQ g − 1 fresh weight for the sum of dioxins, furans and dioxin-like PCBs (ΣPCDD/Fs + ΣDL-PCBs) in muscle meat of eel and products thereof, have been established (EC, 2006) . Our study showed that in 58% of the sites, eel have PCDD/F-DL-PCB TEQ levels higher than the European consumption limit. Exposure risks increase considerably in cases where consumers eat wild fish species prone to bioaccumulation, such as eel and other fish caught at highly contaminated locations. Although there is no commercial fishery on eel in Flanders, it was estimated that 33.6 tons of eel is taken home by recreational fishermen for consumption (Vlietinck, 2010) . We calculated the mean weekly intake of ΣPCDD/Fs + DL-PCBs for a fisherman with a body weight of 70 kg, consuming weekly 300 g of eel from a highly polluted site, a lowly polluted site, and a median and average polluted site (Table 2 ). For the highest polluted site (Congovaart, COM), eating self-caught eel exceeds man's Tolerable Weekly Intake (TWI; 14 pg TEQ kg − 1 body weight ; European Commission, 2001a) with a factor 43 and multiplies the average Belgian intake with a factor 120. Therefore, levels of PCDD/Fs and DL-PCBs from Belgian eel are of serious concern, and particularly a small group of recreational fishermen regularly consuming their catch, are at risk. Many other studies (e.g. Bocio et al., 2007; Domingo and Bocio, 2007; Usydus et al., 2009 ) have illustrated increased exposure to environmental contaminants through fish consumption, however, seldom at similar level as in our study. Hence, especially for highly polluted rivers, it is important to closely follow up the contamination levels in fish and take all management measures needed in order to avoid consumption of those eel.
Recommendations
Monitoring of dioxins plays an important role in public and sanitary decisions. Here, we recommend setting up, continuing, or optimising these monitoring actions on both national and international levels. For example, it seems appropriate to determine how far contaminated areas extend over the river, in order to trace possible sources and take adequate measures.
Besides, our study suggests that the levels of dioxins and related compounds in eel put additional pressure on the waning eel stock; hence, further work is urgently needed to better understand the impact of these substances on the eel's health and reproduction potential.
This study warrants for a better protection of human health by taking all appropriate measures to limit consumption of eel, and by extension all species, from the most polluted areas. In the Netherlands, from 1st April 2011, a ban on catching eel in PCB-polluted waters has been imposed due to high concentrations of dioxins in eel. 
